Pseudomonas aeruginosa elastase rapidly inactivates a1-proteinase inhibitor by splitting its peptide bond. The present study was aimed at testing whether this reaction takes place in the presence of leukocyte elastase. To this end we added a1-proteinase inhibitor to a mixture of the two elastases, and we performed the following assays: (i) measurement of the residual leukocyte elastase activity, (ii) sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and (iii) immunoassay of the leukocyte elastase-al-proteinase inhibitor complex. These experiments were done with various concentrations of the three proteins. All experiments gave the same result: leukocyte elastase was fully inhibited by ac-proteinase inhibitor in the presence of P. aeruginosa elastase even when the bacterial enzyme was 10-fold more concentrated than the neutrophil enzyme. We also measured the initial rate of the P. aeruginosa elastase-catalyzed inactivation of a1-proteinase inhibitor as a function of the inhibitor concentration. The kcaitKm value derived from this experiment was 9 x 104 M-l s-, a value much lower than the rate constant for the leukocyte elastase-inhibitor association (k.., 1.7 x 107 M-1 s-1). This rationalizes the above results. In conclusion, when ao-proteinase inhibitor is faced with its target enzyme, leukocyte elastase, it will perform its physiologic antielastase function even if the bacterial elastase is present in excess.
Pseudomonas aeruginosa is an opportunistic pathogen that may cause fatal infections in vulnerable hosts. Severe lung infections caused by this bacterium have been reported in immunodeficient patients, in children with cystic fibrosis, and in postoperative patients using respirators. Patients suffering from burns may also undergo severe wound infections. P. aeruginosa infections of the human cornea, although not common, usually result in loss of vision. Overwhelming septicemia may complicate the local infection (17) .
Most P. aeruginosa strains secrete an elastase (PsE) and two other proteinases (30) . PsE was isolated and extensively studied by Morihara and his group (15, 19, 22, 23) . It has a molecular mass of about 40 kilodaltons (kDa) and a pI of 5.9. It is a metalloenzyme with one Zn2+ atom per molecule. It solubilizes human lung elastin 10-fold faster than does human leukocyte elastase (10) . It also degrades other matrix proteins, such as type III and IV collagens and laminin (11, 12) .
PsE is thought to be an important virulence factor of the bacterium. Some pseudomonas septicemias are, for instance, accompanied by severe elastolysis of arterial elastin (24) . Intrapulmonary injection of elastase causes intra-alveolar hemorrhage and necrosis in the animal (9) . The enzyme also causes dermonecrosis in experimental models, suggesting a pathogenic role in wound and skin infections (15) .
PsE further contributes to the pseudomonas virulence by impairing host defense mechanisms. It degrades components of the immune system such as immunoglobulins A and G and a variety of complement components, and it inactivates human airway lysozyme. In addition, it inactivates a number of human protein proteinase inhibitors, including a1-proteinase inhibitor (caPI), Cl inhibitor, al-antichymotrypsin, and mucus proteinase inhibitor (for a review, see reference 4). Inactivation of o1PI results from the cleavage of a single peptide bond at the Pro-357-Met-358 link of the inhibitor * Corresponding author. (21) . The latter therefore acts as a macromolecular substrate of the bacterial elastase. Morihara and co-workers (22) showed that this enzyme-substrate reaction is very fast; at a PsE-to-a1PI molar ratio of 0.01, more than 90% of the inhibitor is inactivated within 1 h. They did not, however, determine the kinetic constants of this enzymatic reaction.
a1PI is a serine proteinase inhibitor present in the intraand extravascular space. Its high association rate constant with leukocyte elastase suggests a physiological antielastase function in plasma and in tissues. Neutrophils recruited at sites of infection may release their elastase during phagocytosis or cell death. Therefore, if the inactivation of a1PI by PsE also occurs in vivo, it may lead to uncontrolled tissue damage caused by both bacterial and neutrophil elastases.
The present study demonstrates that a1PI is not inactivated by PsE in the presence of neutrophil elastase, a result consistent with the finding that the rate constant for the inactivation of o1PI by PsE is much lower than that for the association of the inhibitor with neutrophil elastase.
MATERIALS AND METHODS
Enzymes, substrates, inhibitor, and buffer. Human plasma aoPI was isolated and tested for purity and activity as described previously (7) . All experiments were run at 25°C in 0.1 M HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-0.3 M NaCl, pH 7.4, a solution that will be called the buffer throughout this paper. Human leukocyte elastase (HLE) was isolated from purulent sputum by the method of Martodam and associates (18 Reaction mixtures containing 10 nM PsE and various concentrations of a1PI were incubated at pH 7.4 and 25°C. At selected times, samples were withdrawn and diluted into buffered phosphoramidon solutions to inhibit PsE (20) . HLE was then added to these solutions to measure the concentration of active a1PI. The final concentrations of phosphoramidon and HLE (aoPI) were 100 ,uM and 100 nM, respectively. After 10 min, the residual HLE activity was determined as indicated in the legend to Fig. 2 .
The rate constant for the association of HLE with a1PI (kass) was measured under second-order conditions as described by Braun et al. (6) .
Immunoassay of the HLE-aoPI complex. We used a commercially available immunosorbent assay (Merck, Darmstadt, Federal Republic of Germany) specific for the HLEot1PI complex. Free elastase and a1PI do not interfere with this test (25) . HLE and PsE were added simultaneously to a1PI dissolved in the buffer (the final concentrations are given in Table 1 ). After 2 min at 25°C, the immunoassay was done by following the instructions of the manufacturer.
All other experimental details are given in the figure legends.
RESULTS
Kinetics of the interaction of PsE and HLE with a1PI.
Morihara and co-workers (21, 22) have shown that ot1PI is inactivated by catalytic amounts of PsE and that this inactivation is due to a proteolytic cleavage of a single peptide bond of the inhibitor. a1PI thus behaves like a substrate of PsE. We have postulated that this enzyme-substrate interaction follows classical Michaelis-Menten kinetics, its initial rate (v) being given by (1) where [E.] and [S.] are the total PsE and a1PI concentrations, respectively, and kcat and Km are the turnover number and Michaelis constant, respectively. We have measured v for a series of a1PI concentrations by determining initial rates of a1PI inactivation as shown in Fig. 1A . A plot of v versus ot1PI concentration gave a straight line (Fig. 1B) , indicating that the highest substrate concentration used was below Km (2, 3). Equation 1 therefore simplifies into
The only constant which may thus be determined is kcatlKm, also referred to as the proteolytic coefficient. This parameter, derived from the slope of the curve shown in Fig.   1B , was found to be 9 x 104 M-1 S-1. Competition between PsE and HLE for the reaction with a1PI. Reaction of HLE with an equimolar concentration of acPI resulted in a very fast inhibition of elastase activity (Fig. 2) , in agreement with earlier findings (1). PsE did not significantly decrease this rate of inhibition, provided that the molar ratio of PsE to HLE was lower than 25 ( Fig. 2) and that the two elastases were added simultaneously to acPI (separate experiments showed that addition of PsE to aoPI before HLE completely abolished the anti-HLE activity of a,PI). HLE therefore competes favorably with PsE for the reaction with ot,PI. For higher PsE concentrations, the rate of HLE inhibition decreased substantially, but there was still 40% HLE inhibition after 120 s for a 100-fold molar excess of PsE over HLE (Fig. 2) . PsE inactivates a1PI by splitting the Pro-357-Met-358 bond of the inhibitor. The 4-kDa split carboxy-terminal fragment dissociates from the rest of the molecule under denaturing conditions. Thus, PsE-inactivated a1PI migrates faster than native a1PI in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (21) . We used this property to further study the competition between PsE and HLE for the reaction with a1PI. Electrophoresis of mixtures formed of increasing concentrations of HLE and constant equimolar concentrations of PsE and ot1PI (Fig. 3) showed that if a1PI is faced with an equimolar concentration of HLE and PsE, it almost fully transforms into a 80-kDa protein, the characteristic sodium dodecyl sulfate-stable enzyme-inhibitor complex (29 instance, by the faint 80-kDa band observed with the mixture containing 0.2 mol of HLE per mol of PsE (Fig. 3, lane 3) . These experiments thus confirm that HLE favorably competes with PsE for the reaction with o1PI.
Complex formation between o1PI and HLE was also demonstrated by using an enzyme-linked immunosorbent assay specific for the HLE-ot1PI complex (25) . The experiments were done by using variable concentrations of a1PI, HLE, and PsE. Table 1 shows that in the presence of equimolar concentrations of PsE and HLE, the latter was fully bound to a1PI. On the other hand, substantial binding still occurred when PsE was in excess over HLE.
The results of the above experiments clearly demonstrate that HLE is inhibited by a1PI in the presence of PsE even if the latter is in excess and that this inhibition is due to the formation of a sodium dodecyl sulfate-stable complex that may be assessed immunologically. These data suggest that the rate of HLE inhibition by a1PI (vinh) is higher than the rate of a1PI inactivation by PsE (Vinac). These rates are given by Vinh = kars [HLE] [a1PI]
The second-order association rate constant kars was found to be 1.7 x 107 M-1 s-1 in our buffer at 25°C (data not shown), a value that is about 200-fold higher than kcatlKm. If equimolar amounts of HLE and PsE are mixed with a1PI, the initial rate of HLE inhibition is thus 200-fold higher than the initial rate of a1PI inactivation by PsE. This rationalizes our competition data.
Influence of PsE on the inhibition of trypsin by ajPI. To confirm the importance of kass, we have done competition experiments with porcine pancreatic trypsin, which reacts about 100-fold slower with ajPI than does HLE (1) . Figure 4 confirms that a1PI is a slow-binding inhibitor of trypsin. The kass calculated from this curve was 4 x 104 M-1 s-1. In the presence of an equimolar concentration of PsE and trypsin, the rate of inhibition of the latter was significantly impaired, as was expected from the finding that the value of kass is about half that of kcatIKm.
DISCUSSION
The proteolytic inactivation of a1PI and other plasma proteinase inhibitors is well documented. In most cases, the inactivation results from the cleavage of a single peptide bond in the active-site region of the inhibitor (4 (21) . Its value (9 x 104 M-1 S-1) is 10-fold lower than that for the cleavage of the Gly-Leu bond of carbobenzoxy-Gly-Leu-Phe, the best synthetic substrate of PsE (19) .
The proteolytic coefficient kcatlKm is a useful parameter since it allows the initial rate of inhibitor inactivation to be predicted for any concentration of proteinase and inhibitor (see equation 5) . Also, knowledge of both kcatlKm and kass, the rate constant for the inhibition of the target proteinase, helps in anticipating the extent of inhibitor inactivation and/or complex formation if the latter is mixed with both types of proteinases (see equations 4 and 5) . The finding that kcat1Km for the PsE-a1PI system is 200-fold lower than kaS, for the HLE-a1PI pair clearly rationalizes the observation that HLE is fully inhibited by a1PI in the presence of an excess of PsE. On the other hand, the low kass for the porcine pancreatic trypsin-a1PI association (4 x 104 M-1 s 1) fully explains why this enzyme-inhibitor binding is strongly impaired by PsE. Morihara et al. (22) found that the inhibition of bovine pancreatic trypsin by a1PI is only slightly decreased by PsE. This result may be explained by the fact that the kass for the a1PI-bovine trypsin association is about threefold higher than that for a1PI-porcine trypsin interaction (1) .
Furthermore, our concept helps in predicting the influence of PsE on other physiologically important proteinase-a1PI interactions. For instance, human leukocyte cathepsin G (kawss 4 x 105 M-1 S-1 [1] ) and human pancreatic elastase (kass 5 x 105 M-S-1 [16] ) will probably be inhibited by a1PI in the presence of PsE, whereas human pancreatic trypsin (kass, 104 M-1 S-1 [1] ) will not. In a previous article, we have shown that HLE is inhibited by mucus proteinase inhibitor in the presence of PsE (28) despite the inactivation of the free inhibitor by the bacterial elastase (13) . This result may again be explained by the low rate of mucus proteinase inhibitor inactivation by PsE (13, 28) compared with the high kass of the HLE-inhibitor association (5).
The discovery of the inactivation of a1PI by PsE led to the proposal that PsE may promote the tissue-damaging action of HLE by lowering the antielastase barrier at sites of infection (22) . Our results show that while this hypothesis is probably valid during the early stages of pseudomonal infection, it no longer holds once massive neutrophil influx and HLE release takes place. For instance, lung secretions from P. aeruginosa-infected patients contain 50-to 100-fold more HLE than PsE (28) . Under these conditions, PsEinduced a1PI inactivation obviously does not occur.
